Expression from the E.coli melR promoter (pmelR) is normally totally dependent on the transcription activator protein, CRP. We describe experiments with a genetically engineered DNA fragment carrying pmelR in which the wild type CRP binding site was replaced with synthetic oligonucleotides containing either FNR or CRP binding sequences. When the synthetic oligonucleotide contains the 22 bp consensus for FNR binding sites, expression from pmelR is dependent on FNR but not CRP. Single changes at either of two symmetrically-related positions create sites that are recognised by both FNR and CRP. Changes at both positions result in a site that is not recognised by FNR but which binds CRP tightly.
INTRODUCTION
The Escherichia coli fnr gene encodes a transcription activator, FNR, that is responsible for the regulated expression of many genes necessary for adaptation to growth in anaerobic conditions (1). Spiro and Guest (2) identified nucleotide sequences that were common to a number of FNRdependent promoters and suggested that they corresponded to FNR binding sites in these cases: comparison of these and further sequences allowed a 'consensus' sequence to be deduced (2-5). This consensus sequence contains an inverted repeat, strongly suggesting that FNR binds as a dimer with each subunit recognising one arm of the repeat. To date, however, there is little direct evidence for this, as no system for studying FNR activity in vitro has been found.
Genetic evidence that the proposed consensus sequence constitutes an FNR binding site has come from recent analysis of the effects of deletions and point mutations at the FNR-dependent nirB promoter (3, 6). Here we describe the synthesis of an oligonucleotide containing the consensus sequence for FNR binding and its cloning upstream of a promoter that is not usually dependent on FNR. We show that transcription initiation from this new promoter becomes FNR-dependent.
It has long been known that the primary sequence of FNR is homologous to CRP, another transcription activator (7) . Indeed Spiro and Guest demonstrated that 3 simple changes to the FNR sequence were sufficient for FNR to substitute for CRP at a number of promoters (8) . Interestingly the proposed consensus sequence for FNR binding sites is similar to the known sequence for CRP binding sites (2,3). Here we show that CRP does not recognise the FNR-binding consensus sequence. However a one base pair transversion creates a site that is recognised by CRP and FNR. A second change related to the first by the twofold symmetry of the sequence makes a site that is recognised by CRP only.
MATERIALS AND METHODS
Standard methods for handling recombinant DNA were used throughout the work as described by Maniatis et al (9) . The construction of the fragment carrying the melR promoter, together with the insertion of a BamHI linker at -25 has been described by Webster et al (10) . Bam HI -mjnd 111 fragments carrying the melR promoter were cloned into the lacZ expression vector pAA182 (11). Transcription from the melR promoter was measured as 8-galactosidase expression in the Aj_a£ strains M182, M182 £££, M182 _fn£ and M182 crp_ fnr_ as previously described (3, 10): the crp allele is a total deletion of the crp gene whilst the fnr allele is a Tnl 0 insertion. Synthetic oligonucleotides were synthesised by the University of Birmingham Macromolecular Analysis Service (Alta) as previously described (3). Complementary oligonucleotides carrying BamHI cohesive ends were hybridised and cloned into the BamHI site located upstream of -25 at the melR promoter. Nucleotide sequences were checked after transfer to mplO and mpll vectors using the Amersham cloning and sequencing kits.
Gel retardation assays to measure CRP binding to different sites were as described by Gaston et al (12) using purified CRP provided by Dr A Kolb of the Pasteur Institute, Paris. For these experiments, 110 bp EcoRI-HindlII fragments were purified from plasmids in which the FF, CC, CF and FC sites were cloned upstream of the nirB promoter (A Bell, unpublished constructions): the fragments were labelled using a 32p dATP and Klenow enzyme.
RESULTS
The consensus sequence for CRP binding sites is 5' aAaTGTGAtctagaTCACAtTt 3 1 (3,12,13) where bases present at 50% or more of sites are in capitals.
The aim of these experiments was to synthesise this sequence chemically, insert it upstream of a target promoter, and then determine the minimum number of changes required to alter the dependence of the promoter on activation by CRP to activation by FNR. For these experiments we chose the promoter of the melR gene which is normally absolutely dependent on CRP binding to a site located from -52 to -31 bp upstream of the transcription start (10). This promoter, which is illustrated on the top line of Fig. 1 BamHI-Hindl11 fragments carrying the CC, CF, FC and FF sequences in the melR D25 promoter were cloned into pAA182 together with the full length melR promoter (D66) and the melR promoter carrying the D25 deletion (Fig. 1) . The Figure 2 . Promoter activity of pmeiR derivatives.
[A] The activities of the different promoters illustrated in Fig. 1 were measured in four derivatives of Ml82 that were crp + fnr + , crp fnr + , crp" 1 " fnr or crp fnr: activities in the different strains are illustrated by the heights of bars shaded differently as shown in the insdt. Activities were deduced from measurements of B-galactosidase activity in strains carrying pAA182 derivatives containing the different pmeiR fragments as shown on the abcissa. Numbers on the ordinate refer to 8 galactosidase activities measured in standard units x 10~3 (3, TO). In this experiment cells were grown anaerobically in L broth containing 80 yg/ml ampicillin. The data represent the average of at least 3 independent determinations: the error is less than 10%.
[B] The activity of a series of meiR promoters is compared in crp fnr + and crp fnr backgrounds. Cells were grown anaerobically in L broth containing 80 pg/ml ampicillin and 0.4% glucose. The data are presented as in section A.
[C] The activity of a series of melR promoters is compared in crp + fnr and crp fnr backgrounds. Cells were grown aerobically in standard minimal medium containing fructose as a carbon source (10, 12) . The data are presented as in section A.
bound at the lowest CRP concentration (lnM) whereas with the CF and FC sites concentrations above lOnM were required. In contrast, we could demonstrate no specific binding of CRP to fragments carrying the FF site. As controls we also measured binding of CRP to a synthetic tight-binding site (AA 1 ) that was described by Gaston et al (12) and the naturally-occurring weak binding site at the galactose operon promoter (14) . The results in Fig. 3 show that the order of affinity of CRP for the different sites is CC=AA'>CF=FC>gal>FF. (15) (16) (17) . This is illustrated schematically on the left hand side of Fig. 4 : note that as the complex is symmetric we need only consider one subunit. On the basis of the homologies between CRP and FNR, Spiro et al (18) recently proposed a similar scheme for the DNA recognition helix of FNR which is shown on the right hand side of Fig. 4 . Spiro et al (18) suggested that Glu-209, which is located at position 2 of the helix, interacts with the G:C base pair at position 7 of the FNR binding sequence, and that this interaction is a common feature of recognition by CRP and FNR. By analogy with CRP, Val-208 must therefore be implicated in interactions at the T:A base pair at position 5 that is responsible for specificity (compare the left and right hand diagrams in Fig.  4 ). However, as it is unlikely that an interaction with valine could provide sufficient specificity, we propose that the neighbouring Ser-212 might also be involved. It is possible that the mode of binding of the DNA recognition helix in FNR is quite different from that of CRP. Clearly a study of the effects of mutations at key positions is required to resolve how a single base change at this position determines the specificity of protein binding.
DISCUSSION

